In the present study, a combination of pulsed discharge plasma and TiO 2 (plasma/TiO 2 ) has been developed in order to study the activity of TiO 2 by varying the discharge conditions of pulsed voltage, discharge mode, air flow rate and solution conductivity. Phenol was used as the chemical probe to characterize the activity of TiO 2 in a pulsed discharge system. The experimental results showed that the phenol removal efficiency could be improved by about 10% by increasing the applied voltage. The phenol removal efficiency for three discharge modes in the plasma-discharge-alone system was found to be highest in the spark mode, followed by the spark-streamer mode and finally the streamer mode. In the plasma/TiO 2 system, the highest catalytic effect of TiO 2 was observed in the spark-streamer discharge mode, which may be attributed to the favorable chemical and physical effects from the spark-streamer discharge mode, such as ultraviolet light, O 3 , H 2 O 2 , pyrolysis, shockwaves and high-energy electrons. Meanwhile, the optimal flow rate and conductivity were 0.05 m 3 l −1 and 10 μS cm −1 , respectively. The main phenolic intermediates were hydroquinone, catechol, and p-benzoquinone during the discharge treatment process. A different phenol degradation pathway was observed in the plasma/TiO 2 system as compared to plasma alone. Analysis of the reaction intermediates demonstrated that p-benzoquinone reduction was selectively catalyzed on the TiO 2 surface. The effective decomposition of phenol constant (D e ) increased from 74.11% to 79.16% when TiO 2 was added, indicating that higher phenol mineralization was achieved in the plasma/TiO 2 system.
Introduction
Pulsed discharge plasma is a promising technology for wastewater treatment, mainly because of its eco-friendly credentials, ease of operation and insensitivity to organic contaminants [1, 2] . Underwater pulsed high-voltage discharge has been demonstrated to initiate a variety of chemical and physical effects. Various reactive species, such as •OH, •H, •O, O 3 and H 2 O 2 , have been invoked as being responsible for the removal of organic pollutants in pulsed discharge systems [3, 4] . Besides pyrolysis, ultraviolet (UV) radiation and ultrasonic degradation are obvious physical effects during discharge [5, 6] . Among the various physical effects, UV light radiation usually plays the most important role in the degradation of organic pollutants in pulsed discharge systems [7] . Sun et al [8] reported that about 15% and 24% of phenol degradation can be ascribed to photolysis by the UV radiation produced by streamer and spark discharges under a pulsed discharge plasma system, respectively. However, UV light is not fully utilized for the degradation of organic pollutants in wastewater.
Recently, the possibility of utilizing the chemical and physical effects from pulsed discharge to induce catalytical processes (such as photocatalytical and Fenton reactions) in water has been demonstrated. In previous works, the pulsed discharge zone has served as a lamp-house to activate the TiO 2 photocatalyst, because UV light can be generated by pulsed discharge processes [9] [10] [11] [12] . Previous studies have shown that the addition of TiO 2 into an electrode-plane pulsed discharge plasma reactor could effectively increase the efficiency of organic pollutant removal and promote discharge plasma energy efficiency [13] [14] [15] . However, the pulsed discharge conditions usually affect organic pollutant removal efficiency in wastewater. It has been reported earlier that the pulsed applied voltage, the pulsed discharge mode, air flow rate and solution conductivity can significantly affect the phenol removal efficiency in water solutions [16] . The different discharge conditions were considered to influence the physical and chemical effects during the discharge process, leading to the differences in removal efficiencies for organic pollutants in wastewater [17] . Moreover, the activity of TiO 2 could also be affected by varying discharge conditions in the pulsed discharge plasma combined with TiO 2 (plasma/TiO 2 ) system. So far, to the best of our knowledge, few studies have reported work on TiO 2 activity in different discharge conditions in a pulsed discharge plasma/TiO 2 system for the degradation of organic pollutants.
The objective of this research is to investigate the activity of TiO 2 in different pulsed discharge systems by varying the pulsed voltage, pulsed discharge mode, air flow rate and solution conductivity. In addition, phenol degradation intermediates during the discharge process were also measured to understand the synergetic effects of pulsed plasma-induced TiO 2 photocatalysis.
Experimental section

Chemicals
TiO 2 powder (Degussa P-25, Germany) has a surface area of 50 m 2 g −1 and contains anatase and rutile phases in a ratio of about 3:1. All agents are analytical grade. Figure 1 shows a schematic of the experimental set-up. A needle−plate geometry was used as the electrode system of the reactor, consisting of a positive needle electrode and a ground plate electrode. The positive needle electrode was five stainless steel acupuncture needles (Ø 0.30 mm×75 mm), the positive electrode was five hollow stainless steel needles (4.0 mm in length and 1.0 mm in diameter), and the ground electrode was a stainless steel plate (60 mm diameter). The pulse frequency and the capacitance were adjusted to 50 Hz and 3 nF, respectively. The optical emission from the discharge was measured through a quartz window using an optical spectrometer.
Discharge apparatus
The total volume of aqueous solution treated by the discharge in the reactor was 100 ml, and the initial phenol concentration was 100 mg l −1 . In the plasma/TiO 2 system, the TiO 2 catalyst was added at 0.2 g l −1 into the phenol solution. Prior to discharge treatment, gas flowed continuously through the reactor for 20 min to establish adsorption−desorption equilibrium. All experiments were conducted in duplicate.
Method and analysis
The phenol concentration and its main intermediates (hydroquinone, catechol and benzoquinone) were measured by the high performance liquid chromatography (HPLC) system Shimadu LC-10Avp, equipped with an MS-2 C18 column (Ø4.6 mm×250 mm). The mobile phase was prepared by deionized water and methanol (chromatographically pure) at a flow rate of 0.8 ml min −1 . The volumetric ratio between the deionized water and methanol was 70:30 (v/v), and a UV detector was set at 277 nm.
The phenol removal efficiency (η) is defined as follows,
where C 0 was the phenol concentration of the untreated solution, and C t was the concentration of phenol at discharge treatment time t, respectively.
The removal of phenol obeyed the first order law. The kinetic rate constant of phenol removal could be calculated as follows:
where k cp was the rate constant (s −1 ) and t was reaction time (s), respectively.
Results and discussion
3.1. Effect of pulsed discharge voltages on degradation of phenol in the plasma/TiO 2 system Generally, discharge injected energy is consumed in the production of high-energy electrons, high electric field, UV light radiation, and various reactive chemical species such as radical (•OH, •H, •O) and molecular (H 2 O 2 , O 3 ) species in the pulsed discharge plasma process [17, 18] . The above-mentioned physical and chemical effects in turn have been observed to be effective at degrading organic pollutants in wastewater. The content of these reactive species and the intensity of UV light were related to the discharge voltage [19, 20] . More discharge energy was injected into the discharge plasma channel as the applied voltage increased.
Larger amounts of reactive, chemically active species were generated due to plasma channels with high energy, and therefore phenol efficiency was enhanced with increasing applied voltage. As shown in figure 2(a), phenol removal efficiency was nearly 88% after 120 min of treatment time in the plasma-only system at a pulsed discharge voltage of 23 kV, while it was only 48% in the plasma-only system at an applied discharge voltage of 20 kV. As determined from the above results, a higher pulsed discharge voltage could increase the removal efficiency of phenol. However, ).
increasing the applied voltage hardly influenced the effect of the TiO 2 catalyst on phenol degradation. The enhanced removal efficiency was 9.8% and 11% with the addition of TiO 2 at pulsed discharges of 20 and 23 kV, respectively, which was consistent with previous reports [21] . The addition of TiO 2 into a pulsed discharge plasma system could increase phenol removal efficiency, and the promotion in removal efficiency typically ranged from 9% to 13% [14, 21] . Therefore, the TiO 2 catalyst could be effectively activated in a pulsed plasma discharge system at a discharge voltage of 20 kV. More importantly, the cost of experimental work at a low pulsed discharge voltage was cheaper than that with high pulsed discharge voltage. Comprehensively considering both the synergetic effect and the cost, 20 kV was used in our experiments.
As observed in figure 3 , a control experiment without plasma treatment was also carried out to determine the extent of phenol adsorption on the TiO 2 particles. The results confirmed that the contribution of adsorption onto the TiO 2 was small, since after 120 min of adsorption the concentration of phenol had only decreased by 3%. Therefore, the huge BET surface of the TiO 2 produced the reaction surface but did not produce a large adsorption effect. Similar results reported by Zhang et al [15] , also imply that there was little adsorption of phenol on TiO 2 nanotubes in the dark. Therefore, the effect of adsorption of TiO 2 can be neglected in calculating the phenol removal efficiency.
3.2. Effect of pulsed discharge modes on degradation of phenol in the plasma/TiO 2 system Table 1 lists the peak-to-peak applied voltages, the distance and the rate constant for the three discharge modes. The discharge voltage of the spark, spark-streamer, and streamer was 20 kV for all. The electrode gap between the plane and the needle electrodes was fixed at: 5 mm for the spark discharge mode, 10 mm for the spark-streamer discharge mode and 15 mm for the streamer discharge mode, respectively.
Figure 4(a) shows the degradation of phenol in three pulsed discharge modes. Moreover, the results show that the removal rate of phenol for different discharge modes were spark > spark-streamer > streamer in the discharge plasma system. The degradation of phenol was found to be ascribed mainly to oxidation by •OH which could be formed by the high-energy electron impact dissociation of water to form •H and •OH-and the number of high-energy electrons in the plasma channel of the spark mode were higher than those in the spark-streamer and streamer modes, respectively. Therefore, the concentration of •OH in the spark mode was higher than in the streamer mode, resulting in higher removal efficiency for phenol in the spark discharge mode than in the streamer discharge mode.
Figures 4(c) and (d) show the degradation of phenol in three discharge modes with TiO 2 added. The results indicate that the phenol removal efficiency after adding TiO 2 was higher than that without TiO 2 . For example, at spark discharge mode, 55% of phenol was removed after 120 min of discharge treatment, which was enhanced to 58% in the presence of TiO 2 ; at spark-streamer discharge mode, a phenol removal efficiency of 48% was achieved in the plasma-only system, and there was a 10% rise when TiO 2 was added; at streamer discharge mode, phenol removal efficiency achieved 35% in the presence of TiO 2 , compared with 38% in the plasma-only system. Therefore, the degradation of phenol in the plasma/TiO 2 system was most effective in the sparkstreamer mixed discharge mode. We measured optical spectra using the optical spectrometer, and the results are presented in figure 5 . The intensity of UV and visible light from the streamer discharge mode was the lowest. It is noteworthy that the intensity of UV light from the spark discharge mode was nearly equal to that from the spark-streamer discharge, while the intensity of visible light from the spark discharge mode was higher than that from the spark-streamer discharge mode. If TiO 2 particles can only be activated by UV light from discharge, the phenol removal efficiency in the spark discharge mode should not be obviously changed compared with the spark-streamer discharge modes, because the intensity of UV light from these two discharge modes was nearly equal. ). The results suggest that UV light only played a certain role in TiO 2 photocatalytic activation. Therefore, there are some other chemical and physical effects other than UV light, such as O 3 , H 2 O 2 , pyrolysis, shockwave and high-energy electrons, which may have interactions with TiO 2 in the synergistic system of a pulsed discharge combined with TiO 2 photocatalysis. The chemical and physical effects from the sparkstreamer discharge mode may be advantageous for activating TiO 2 to induce photoelectron−hole pairs, which calls for further studies on the TiO 2 photoinduced charge carrier generation and fate in pulsed discharge systems. The k cp for the different pulsed discharge mode systems with/without TiO 2 are also given in table 1. The value of k cp for the removal of phenol in the plasma/TiO 2 system was higher than that in the pulsed discharge alone, which suggested that TiO 2 photocatalysis increased the phenol removal efficiency and enhanced the discharge energy utilization efficiency. The higher value of k cp was obtained with photocatalysis by TiO 2 . Such results show an enhanced effect for phenol degradation with the TiO 2 photocatalyst induced by the pulsed discharge. This was probably due to the TiO 2 photocatalyst induced by the discharge producing more •OH. Figure 6 shows the effect of air flow rate on phenol removal with/without TiO 2 . As shown in figure 6(a) , the phenol removal efficiency firstly increased and then decreased gradually with increasing air flow rate. The removal efficiency of phenol was enhanced from 33.1% to 48.9% when the air flow rate was increased from 0.03 to 0.05 m 3 h −1 . However, with a further increase in air flow rate from 0.05 to 0.08 m 3 h −1 , the removal efficiency of phenol decreased from 48.9% to 37.1%. The air flow rate has an effect on the yields and retention times of reactive species, mainly O 3 , in water [22] . More air molecules could be passed through the discharge edge with increasing air flow rate, resulting in the production of more reactive oxidation species and improving the transfer rate of O 3 from the gas to the liquid phase. However, the retention time of O 3 in liquid was shortened when the air flow rate further increased. To check this observation, O 3 concentrations in water were measured at different air flow rates, as shown in . However, O 3 concentration decreased on further increasing the air flow rate from 0.05 to 0.08 m 3 h −1 , most likely because the retention time of O 3 in water was becoming shorter at higher air flow rates, decreasing the O 3 utilization efficiency [21] .
Figures 6(c) and (d) indicate that phenol removal efficiency with the addition of TiO 2 was higher than that without TiO 2 under all air flow rates. However, the enhanced removal efficiency was only 3.8% with the addition of TiO 2 at an air flow rate of 0.03 m 3 h −1 . The reason for this may be that TiO 2 cannot be activated due to low intensity UV radiation at the low air flow rate of 0.03 m 3 h −1 . As the air flow rate increased from 0.05 to 0.08 m 3 h −1 , the enhanced removal efficiency was 9.8% and 11% with the addition of TiO 2 . Therefore, the TiO 2 catalyst could be effectively activated at air flow rates higher than 0.05 m 3 h −1 . In our experiment, the optimized air flow rate was 0.05 m 3 h −1 .
Effect of solution conductivity on degradation of phenol in the plasma/TiO 2 system
Solution conductivity usually affects the discharge characteristics and the production of physical and chemical effects in plasma. Figure 7 shows the effect of solution conductivity on phenol removal with/without TiO 2 . As shown in figure 7 (a), phenol removal efficiency increased at first and then decreased with increasing solution conductivity. Meanwhile, the addition of TiO 2 into the pulsed discharge plasma system increased phenol removal efficiency, and the enhancement in removal efficiency was in the range of 9% to 10%, as shown in figures 7(c) and (d). The detailed reasons for this will be explored in the following section. As conductivity increased, the discharge gradually became stronger and in turn the concentration of •OH was enhanced, with a maximum at solution conductivities ranging from 10 to 100 μS cm −1 . Therefore, the phenol removal efficiency increased with increasing solution conductivities in the range from 10 to 100 μS cm −1 . Conductivity involves interactions with the concentration of ions in water, which significantly affects the streamer channel length in water by reducing the space charge electric field on the streamer head [23] . On the one hand, higher solution conductivity induced a larger discharge current due to the lower resistivity of liquid media. On the other hand, higher solution conductivity led to a lower propagation of the streamer channel due to the faster reduction of the space charge electric field. Therefore, higher conductivity in the discharge system resulting in higher UV radiation, unfortunately, resulted in lower formation rates of reactive species. As a result, phenol degradation could be suppressed when solution conductivity increased from 100 to 150 μS cm −1 , even though the activity of TiO 2 was not inhibited at high solution conductivities due to higher UV radiation. After considering the activity of TiO 2 and the phenol removal efficiency, a conductivity of 10 μS cm −1 was used in our experiments. The phenol removal efficiency was increased by (only) 2.2% at the higher conductivity of 100 μS cm −1 , however, using the lower conductivity would simplify the experiment and reduce costs because the raw conductivity of the phenol solution was 10 μS cm −1 .
The effect of TiO 2 on mechanisms of phenol degradation
In the pulsed discharge process, as illustrated in scheme 1, phenol can undergo a degradation process via pathways I, II and III, in which the hydroxylated phenolic intermediates, mainly catechol, hydroquinone and p-benzoquinone are produced by the oxidation of •OH. These hydroxylated phenolic intermediates could be oxidized to CO 2 and H 2 O via various sub-intermediates following the ring-opening process. As acknowledged in [24, 25] , TiO 2 particles are not only able to generate •OH, but also to be strongly involved in the phenol reaction. In a TiO 2 photocatalytic system, the reduction of benzoquinone is catalyzed on the TiO 2 surface, where benzoquinone reacts with conduction band electrons on the TiO 2 via pathway V, resulting in a significant accumulation of hydroquinone. To observe the catalytic effect of TiO 2 on the influence of the main intermediate concentrations, the concentration of the main intermediates with/without TiO 2 were measured, and the results are shown in figure 8 . A large amount of p-benzoquinone was observed in the plasma-only system, while catechol was observed in negligible amounts. For example, the concentration of p-benzoquinone reached a maximum of 18.5 mg l −1 within the 120 min of irradiation in the plasma-only system. Generally, p-benzoquinone degradation affects the decay of the hydroxylated phenolic intermediates, and the p-benzoquinone pathway is the rate limiting step for phenol decomposition. The evolution of phenolic intermediates in the plasma/TiO 2 system, however, exhibited different characteristics compared to the plasma-only system. The maximum concentration of p-benzoquinone in the plasma/TiO 2 system was lower than that in the plasma-only system. Interestingly, the accumulation of hydroquinone was observed in the plasma/TiO 2 system. The concentration of hydroquinone increased from 3.6 mg l −1 to 7.2 mg l −1 with the addition of TiO 2 . The accumulation of hydroquinone observed in the plasma/TiO 2 system could be associated with the reduction of p-benzoquinone on the TiO 2 surface, which was in good agreement with previously reported results [24] . The redox reaction of conduction band (CB) electrons with p-benzoquinone is selectively reacted on the TiO 2 surface as described by equation (3), which may be attributed to the improved electron transport from the CB of TiO 2 to the surface adsorbed p-benzoquinone. Here, the D e constant will be 100% if phenol is full mineralized in the discharge system. In our experiment, the D e constant was 74.11% and 79.16% with/without TiO 2 , respectively. The value of D e being higher with TiO 2 indicated that the decomposition efficiency of phenol was generally increased by adding TiO 2 . In the plasma/TiO 2 system, therefore, a higher mineralization of phenol was achieved by adding the TiO 2 photocatalyst.
Conclusions
The combination of pulsed discharge plasma and TiO 2 has been developed to investigate phenol removal efficiency, by varying the discharge condition of the pulsed voltage, discharge mode, air flow rate and solution conductivity. The phenol removal rate could be improved by increasing the applied voltage, which enhanced the removal efficiency by 10%. The phenol degradation efficiency was found to be higher in the spark system without TiO 2 than in those in the spark-streamer and streamer systems. In the spark-streamer system, however, the highest catalytic effect of TiO 2 was observed, which may be attributed to the favorable chemical and physical effects from the spark-streamer discharge. The optimal flow rate and conductivity were 0.05 m 3 l −1 and 10 μS cm −1 , respectively. By tracking the evolution of phenolic intermediates we unraveled how the discharge modes influence the decomposition of phenol with/without TiO 2 . When TiO 2 was not added to the discharge system, phenol was selectively oxidized to benzoquinone. Conversely, hydroquinone was found to increase significantly in phenol decomposition with TiO 2 . The results suggest that quantities of the undesired byproduct p-benzoquinone decreased in the presence of TiO 2 , thus improving the oxidation efficiency of phenol. The effective decomposition of phenol (D e ) constant increased from 74.11% to 79.16% with the addition of TiO 2 , indicating that a higher mineralization of phenol was achieved in the plasma/TiO 2 system. ).
